A simple analytical calculation based on a transfer matrix method for incoherent optics, allowing the prediction of photovoltaic module efficiencies in different encapsulation conditions is presented. This approach is used for the experimental validation of the main features of the optical model for multilayer glazing systems considered, through the relation between the external quantum efficiency of the module and its optical modelling. The theoretical procedure avoids the need to manufacture and characterize by solar simulator or external quantum efficiency measurements all the variety of photovoltaic module configurations, which is of interest at research and manufacturing levels, especially for building-integrated photovoltaics.
Introduction
The theoretical problem of the distribution of the short-wave absorptivity inside an incoherent optical system with planoparallel optical interfaces, with application to glazing systems energy performance, has been recently revisited by Baenas and Machado (2016) . This approach is based in a convenient use of the classical matrix transfer methods, limited to the usual modeling features of the standards (ISO 9050, ISO 15099, etc.) which allows obtaining closed analytical expressions for the shortwave 1 energy magnitudes (transmittance, reflectance, absorptance) of the optical system. From these magnitudes it is possible to achieve, by analytical inversion, the experimental characterization of the optical components and the calculation of the layer-by-layer absorption (through energy fluxes calculation), from the study of certain reference system configurations. Then, the obtained results can be extrapolated to more complex cases (glazing systems with additional components, for instance). The details of such a procedure can be found in Machado (2009, 2016) .
For the purpose of this work, the case study of opaque systems, i.e. those incorporating a component with null transmissivity, is of special interest. As will be discussed herein, the related transfer matrix is not well-defined, due to zero divisors. Then, the internal reflectivity in the interface of such type of optical component may be obtained by means of singular solutions (not included in the general solution of a multilayer system, but having full physical sense) of the algebraic equation system describing the short-wave energy magnitudes of the optical system. The absorptivity of the opaque component is then obtained as a function of this reflectivity. The corresponding equations were obtained in summary form by Baenas and Machado (2016) , for a typical photovoltaic (PV) module (encapsulation materials -glass and polymer -and opaque PV cell).
It should be noted that this procedure of obtaining the absorptivity of an opaque component, in the particular case of an encapsulated PV cell, also allows an indirect experimental verification of the referenced optical model. In this regard, the model follows a physical description and approach for the iterative calculation of the incoming and outgoing fluxes which is equivalent to that of the classic literature (Edwards, 1977; van Dijk and Goulding, 1996; Siegel, 1973; Shurcliff, 1974; Wijeysundera, 1974; van Nijnatten, 1994; Wright, 1998; i.a.) . The procedure is also equivalent to the one followed by all the international standards dealing with this issue (mainly ISO 15099, EN 13363). The main differences are the matrix formalism used (for a net radiation method) and the utilization of the mentioned singular solutions.
To our best knowledge, a direct measurement of the layer-by-layer absorption within a multilayer glazing system is not feasible. Related standards rely on numerical procedures that have been accepted with a basis on their accordance with derived effects like the thermal balances (Finlayson et al., 1993; van Dijk and Goulding, 1996; among others) . In contrast, the experimental validation proposed herein is based in the relation between the internal absorption and the conversion efficiency of a photovoltaic module, through the short-circuit current density of the module. In this sense, this work involves firstly a verification of the main features of the referenced optical model, followed by the proposal of an effective procedure for the prediction of encapsulationinduced variation of PV modules efficiency, as described below.
The design phase of PV modules, especially in the case of building-integrated photovoltaic (BIPV) modules, implies the consideration of a wide range of possible configurations complying with PV and architectural requirements. Multiple laminated module configurations may be conceived in terms of cover material and polymeric interlayer type, thickness and even color. The manufacturing and experimental characterization of the optical and electrical properties of each configuration is therefore costly and time demanding. The use of a direct calculation method to predict the variation in modules efficiency for any change in the encapsulation conditions may represent significant savings for the manufacturing industry.
The short-circuit current density of a PV module, and therefore its efficiency for energy conversion, is directly related with the spectral absorptivity of the PV cell in encapsulated conditions. This magnitude differs from the absorptivity in air-bare cell configuration, due to the different refractive indexes of the surrounding media involved, and the corresponding change of reflectivity in the interface. While the reflectivity (and therefore the absorptivity) of a bare cell is directly accessible through spectrophotometric measurements, the absorptivity of the cell once it is encapsulated cannot be directly measured and must be predicted from simulation.
A simple analytical model is presented here as a tool to predict the variation in PV modules efficiency induced by modifications in the cells encapsulation and cover materials with planar structure, just from a reduced set of experimental measurements of a reference encapsulation scheme. The method is particularly valid, therefore, for PV modules optimization. The consideration of a planar structure is in line with, e.g., Krauter and Hanitsch (1996) , or Lu and Yao (2007) (both based in ray-tracing method) in order to obtain closed expressions for cell absorptivity.
When other features are introduced in the modelling, such as optical confinement due to the presence of a back surface reflector (BSR) and light trapping effect (see e.g. Hylton (2006) , for a comprehensive study of this issue), numerical techniques or computational methods are needed to obtain the energy magnitudes of the system. These comprise from the ideal Lambertian cases of light trapping schemes, including perfect diffusely scattering surface textures and analytical formulation (Goetzberger, 1981 , Shimokawa et al., 1996 , Green, 2002 , to the use of a wide variety of simulation methods. Khoo et al. (2012) used a simple experimental and analytical procedure to characterize the parasitic absorptances of the encapsulation material in a particular PV module, but no optical model is proposed to predict cell absorptivity and short-circuit current. PV Optics software by Sopori et al. (1999) makes use of a combination of wave optics and ray-tracing techniques to calculate the optical properties of thin-film and wafer-based cells and modules. Santbergen and van Zolingen (2008) proposed a multidirectional numerical net radiation method to calculate spectral and integrated absorptivities of bare and encapsulated silicon cells. The results of the model were then applied to estimate the fraction of solar radiation absorptance which is converted into heat and its effect on the temperature and energy yield of photovoltaic systems. A similar approach was followed by Santbergen et al. (2010) for several thin film photovoltaic technologies.
As an alternative to numerical approaches, the specific analytical expressions from the optical model of Baenas and Machado (2016) for the determination of the energy absorptance of encapsulated PV cells are applied in this paper to crystalline silicon and CIGS cells in combination with extraclear (low-iron), float and thin glass as covers, together with thermoplastic polyurethane (TPU) and ethyl vinyl acetate (EVA) as encapsulation materials. The results of the optical model are compared with the corresponding experimental short-circuit current values as obtained from External Quantum Efficiency (EQE) measurements.
Theoretical modeling
Under some modeling hypothesis related with the incoherent superposition of shortwave radiation and the aim to describe the energy performance, the analytical study of the propagation of solar radiation through planoparallel optical systems avoids the need to use complex numerical methods to solve the equations of Optics for the modeling of multiple glazing systems, laminated glass, PV modules or the like. Within this framework, closed analytical expressions for the short-wave energy magnitudes (transmittance, reflectance, absorptance) have been previously provided in Machado (2009, 2016) , with a basis on the classical transfer matrix methods (Harbecke, 1986; van Nijnatten, 1994; Pfrommer et al., 1995; Maestre, 2000; i.a.) . These expressions do not include angle-dependent optical properties (Rubin, 1982; Rubin et al., 1998; Furler, 1991; van Nijnatten, 2001; Maestre et al., 2006; i.a.) , light diffusing or shading elements (Finlayson et al., 1993 ).
The optical model applied herein is based on the separation of a real optical glazing system in optical components (interfaces, glass substrates, films and coatings, mainly), which are defined through a transfer matrix connecting short-wave energy fluxes (irradiance or incoming energy flux, and radiosity or outcoming one) on each side of the component. Fig. 1 shows a diagram of the optical system structure and the spectral magnitudes involved in the calculation. The equations provided in this work are valid for a laminated PV module consisting in a superstrate, typically uncoated glass, a polymeric encapsulation material with refractive index very similar to that of the superstrate, and an opaque PV cell. Systems involving coated superstrates or different refractive indexes for superstrate and encapsulation material (which would imply additional internal reflectivities) can be treated within the general formalism used, but the corresponding mathematical expressions should be specifically derived.
Following Baenas and Machado (2016) , the opaque cell may be described within this formalism by means of a virtual internal coating component, which allows the introduction of (front) reflectivity inside the system ( ), shown in Fig. 1 . This magnitude is intrinsically associated to the cell, so that once it has been determined for a specific encapsulation scheme, it can be used for the calculation of any other configuration of the same type of cell and similar refractive index of superstrate and polymer film. It can be shown (Rubin, 1982; Baenas and Machado, 2016 ) that typical polymeric encapsulation materials have close refractive indexes, also similar to those of, e.g., soda-lime glass substrates.
The reflectivity of the encapsulated cell is obtained from a singular solution, related to null transmissivity, of a general equation system for the energy coefficients of the optical system: transmittance ( ), front ( ) and back ( ) reflectances. In the case of an uncoated superstrate and an opaque substrate, = 0 and do not participate in the optical problem formulation to obtain . The quoted algorithm leads to a transfer matrix for the PV module given by the product of the transfer matrix of each component,
where the symbolic subscripts and transfer matrices are those defined in Table 1 of Baenas and Machado (2016) . Here, ( 2 ) describes the opaque component and ( ( ) transfer matrix stands for the virtual internal coating, which can be considered, without loss of generality, as a simple interface, with transmissivity 1 − , 
Back reflectivity of the virtual coating, (, , is not defined in the opaque system, and consistently, does not have any influence on it. A singular solution of the equation system for the energy transmittance and reflectances, obtained from matrix elements,
is needed since transfer matrix is not mathematically defined for 2 = 0. This problem is avoided by substituting by its limit when 2 approaches 0, lim 2 →0 + , which is justified by the physical hypothesis of continuity of the energy coefficients. Then, the equation for the front reflectance of the system is
So that the spectral reflectivity of the encapsulated PV cell, , is simply given by
which allows its experimental characterization from a set of usual reference system configurations. Summarizing, is the front reflectance of the system, is the airsuperstrate reflectivity, is the transmissivity of the superstrate and is the transmissivity of the polymer film. The procedure to obtain each of these magnitudes from experimental characterization is described in detail in Baenas and Machado (2009) and references therein, and involves the experimental (spectrophotometric) measurement of , the measurement of transmittance and reflectance of the superstrate (and subsequent calculation of and ), and the measurement of transmittance of a laminated glass with the involved superstrates and polymeric film (and subsequent calculation of ).
As stated above, the used theoretical model does not include angle-dependent optical properties. Coatings used in glazing systems are multilayered thin films with coherent optical behavior. Therefore, Fresnel equations can be formulated by means of the characteristic matrices theory (e.g. Epstein, 1952; Heavens, 1960; Thelen, 1989 among others) , provided that the whole multilayered structure is known (at least through its complex refractive indexes and layer thicknesses), in order to obtain the angular properties of the coating. Given that this information is not always available (e.g., protected by property rights or considering the current regulatory framework scope), several semi empirical approaches have been developed aiming to obtain a reasonable prediction of the directional optical properties from the near normal incidence case, for instance, Rubin et al. (1998 ) or van Nijnatten (1999 , 2001 ).
However, when coated components are not considered within the modelling, as is the case for the systems exemplified herein, the optical performance at non-normal incidence is directly obtained from Fresnel equations for the incoherent case, and Snell law, see e.g. Furler (1991) for glazing systems or Krauter and Hanitsch (1996) or Lu and Yao (2007) for PV modules, among others. In this situation, the substrate-type transmissivities ( and ) from the previous expressions, must be substituted by 1/ cos , being the irradiation incidence angle ( = 0 for normal incidence), which take into account the different light pathlengths within the layered media. Note that in a standard PV module with antireflective coatings in the upper cell surface, this substitution in the transmissivity can also be assumed as a good approximation for the usual values of the refractive indices of the components (Yamada et al. 2001 , SjerpsKoomen et al. 1996 .
Any light trapping mechanism present within the system is quantified by reflectivity, when this magnitude is obtained from the experimental reflectance of the module. However, its influence cannot be isolated in the total value of the cell reflectivity because this type of mechanism is not considered in the theoretical modeling.
The determination of closed analytical expressions for the layer-by-layer absorption in a PV module follows the iterative procedure described in Baenas and Machado (2016) , which is a specific adaptation to matrix formalism of the classical method in Siegel (1973) and Wright (1998) among others (see introduction), and standardized in ISO 15099. The corresponding analytical expressions for the absorptance of the whole system (photovoltaic module, ), opaque encapsulated PV cell ( ) and the glassencapsulation film ( ), are given by
consistently verifying that
The absorptivity of the PV cell can be directly related with the short-circuit current of the module. The general expression for the short-circuit current density of a bare PV cell is (ASTM E1021-15, Hartman et al., 1982) ,
where is the elementary charge, ( ) is the incoming spectrum photon flux (ASTM G173-03 discretized global spectral distribution has been used in this work) and 1 , 2 define the relevant wavelength range for the determination of the short-circuit current.
( ) is the External Quantum Efficiency function of the cell, defined as the ratio of charge carriers collected by the solar cell to the number of photons of a given wavelength incident on the cell. Once the cell is encapsulated, the incoming photon flux is modified by the additional reflectivities and absorptivities introduced by the encapsulation materials. Experimentally, the short-circuit density of the module can be obtained, analogously to (7), from the EQE measured for the encapsulated cell, denoted as (
.
For the theoretical description, it is more convenient in this case to express the external quantum efficiency in terms of the Internal Quantum Efficiency (IQE), which is the ratio of charge carriers collected by the solar cell to the number of photons absorbed by the cell,
considering that stands for the absorptivity of the PV cell in encapsulation conditions. The IQE function of a bare cell, ( ), is easily determined from aircell external quantum efficiency and reflectance measurements, given the fact that = 1 − , . It will be assumed here that this magnitude is intrinsic to the cell and does not vary for different encapsulation conditions (Khoo et al., 2012) , so that ( ) = ( ). In this way, expressing Eq. (8) 
Here the short-circuit current density of the module is now given by the original incoming photon flux, the internal quantum efficiency of the cell measured in air, and the absorptivity of the cell in the particular encapsulation conditions, as obtained from Eq. (6) Additionally, the spectral matching between the integrands in Eq. (8) and Eq. (10) will be shown.
Materials and experimental methods
Commercial 6" monocrystalline silicon (c-Si) cells from Sunways and 2101000.5 mm thin film CIGS cells from Global Solar have been used for this study. C-Si and CIGS cells have been combined with soda-lime float glass (Planilux TM 4mm from SaintGobain Glass), soda-lime extraclear glass (Diamant TM 4 mm from Saint Gobain Glass) and borosilicate thin glass (D 263 TM T 30 m from Schott) as transparent covers. All the combinations of these covers with TPU (Encapsolar TM PV 251 Stevens Urethane, 0.49 mm) and EVA (PV135A TM Stevens Urethane, 0.46 mm) as encapsulation materials have been manufactured and experimentally measured.
The samples needed for this study are either glass-glass or glass-cell laminates. A vacuum laminator was used for the encapsulation process, using standard lamination cycles.
Transmittance and reflectance spectra were measured using a UV/vis/NIR spectrophotometer (JASCO V-670) equipped with a 150 mm integrating sphere, calibrated in the wavelength range 300-2200 nm. The bare and laminated cells were characterized by external quantum efficiency measurements obtained with a Bentham PVE300 spectral response system under unbiased light. In all cases three measurements were taken for each sample, and the resulting spectra were averaged, within the repeatability limit (ISO 5725-6).
Results and discussion
Figs. 2 and 3 show the experimental absorptivity (obtained from total reflectance measurements as ( ) = 1 − ( ), given that ( ) = 0) for bare crystalline silicon and CIGS cell respectively, together with the calculated spectral absorptivity for the same cells in several encapsulation conditions: extraclear, float and thin glass covers with EVA and TPU encapsulation materials. A single reflectivity spectrum has been used for all the encapsulation configurations in order to exemplify the predictive capability of the method. For the calculations presented herein, cell reflectivity has been obtained from Eq. (5) for the case of extraclear glass and EVA.
In the case of the silicon cell (Fig. 2) , encapsulation leads to an overall decrease of the absorptivity values, the best performance provided by encapsulation with thin glass. In the case of the CIGS cells and encapsulation materials used for this study (Fig. 3) , there is a better optical coupling due to encapsulation in a wavelength range approximately between 400 and 860 nm for extraclear glass and between 440 and 600 nm for float glass and EVA. These ranges where optical coupling is enhanced are however reduced to 400-600 nm for extraclear glass and TPU encapsulation material. Thin glass provides the best performance, with enhanced absorptivity with respect to bare cell in a wavelength range from 400 to 1000 nm, covering most of the active range for PV production.
Between 300 and 380 nm (ultraviolet wavelength range), the optical procedure to characterize the encapsulation material includes several error sources (Baenas and Machado, 2009) due to the low transmissivity of the polymers and the use of an integrating sphere for reflectance measurements, which generally provide lower accuracy in this spectral range. Therefore, this spectral range has not been considered in the theoretical prediction of the absorptivity of the encapsulated cell. For the purpose of computing the short-circuit current density, this contribution is only around 0.1%. The measured EQE of all the encapsulated modules considered for this study, used for the determination of experimental short-circuit density values, is shown in Figs. 4 and 5. These curves show the same trends as the calculated absorptivity curves. The overall decrease in absorptivity for encapsulated silicon cells (Fig. 2) corresponds with a lower EQE in the same spectral ranges. Analogously, the improved optical coupling induced by encapsulation in several wavelength ranges observed in Fig. 3 for CIGS leads to enhanced EQE in the same wavelength ranges. For EVA encapsulation material and Si cells the method gives excellent agreement with experiment with all the superstrates used. Slightly larger deviations are found for encapsulation with TPU, in the case of extraclear and float glass. It has been verified that the calculation of parameter with a TPU encapsulation leads to negligible differences in the obtained values, as expected. The higher error is suspected to be related to a difference in the flowing of TPU over the samples edge during direct lamination on the cells, in comparison with the overflowing in glass-glass configurations used for the initial experimental characterization. This would lead to different TPU layer thickness in the modules than in the glass-glass samples used to determine the polymer transmissivity ( ), which is later used for the calculations. These differences are therefore due to experimental issues, and they are not related with the calculation procedure.
In the case of CIGS cells, EVA combinations with extraclear and float glass show an excellent agreement. Thin glass and EVA, together with all TPU combinations, show higher errors than those found for Si cells. It should be noted that a lower homogeneity has been experimentally evidenced in the commercial CIGS cells used, which necessarily leads to small deviations.
However, it can be said that for the purpose of research or manufacturing activities, the method is highly useful to predict the variation in cell efficiency (which in general correlates with the variation in short-circuit current density). In the most unfavorable case, the relative difference between theory and experiment is 1.5%, which is related to a difference of 0.5 mA/cm 2 in a short-circuit current density of 34.4 m/cm 2 . Note that in several cases (mainly for EVA), the relative difference is less than 1% and even null (0.0%). In addition to this, Δ theory-experiment differences -which include modeling features and experimental errors and limitations -are an order of magnitude lower than differences between different encapsulation conditions, justifying the use of the method for the prediction of short-circuit current density values. 8), experimental, and (10), calculated, for the case of silicon cells encapsulated with extraclear glass and EVA, showing that a very good agreement is also found spectrally. As an insert, calculated and experimental EQE curves for the same system are shown.
Note that Fig. 6 shows a modification in the behavior of calculated and experimental curves around 900 nm, changing from a lower value of the calculated integrand with respect to the experimental one, to the inverse situation. This is probably due to the transition from the opaque regime of the cell (incoming light on the cell is completely absorbed before reaching the BSR) to the transparent one (there exists absorption in the BSR). See, e.g., Santberger and van Zolingen (2008) , where the same theoretical vs experimental behavior is shown. This effect introduces a small error in magnitude, since this parameter includes the whole absorptivity of the cell, while only the part due to the active semiconductor material of the cell should be considered in order to compute the IQE (Khoo et al. 2012 ). 
Conclusions
An optical model based on transfer matrix method, providing closed analytical expressions for the short-wave absorptivity of an encapsulated solar cell, has been used to predict short-circuit current density values for different encapsulation conditions. The results of the optical model have been compared with those obtained from direct experimental determination of the external quantum efficiency of the modules. In addition to the predictive character of the method, an experimental validation of the main features of the optical model has been performed with a basis on the relationship between the photovoltaic module efficiency and the optical modeling of its cover materials. Such an experimental validation is a straightforward alternative to the use of thermal measurements (e.g. center-glass surface temperatures), which requires a complete thermal modelling and accurately controlled environmental conditions.
All the encapsulation combinations involving extraclear (low-iron), float and thin glass as superstrates, EVA and TPU as encapsulation materials with crystalline silicon and thin film CIGS solar cells have been calculated and measured. A very good agreement has been shown for both spectral and integrated magnitudes. The optical method can thus be reliably considered for the accurate determination of the influence of the encapsulation conditions on the electrical output of a photovoltaic module.
